Abstract-Aerodynamic drag is a significant source of energy dissipation in tractor-trailers, accounting for as much as 20% of energy lost at high speeds. Despite a growing interest in automation techniques, few studies exist on truck platoons with a focus on inter-vehicle spacing. In this work, experiments are conducted to estimate the drag coefficient of 2-and 3-member platoon combinations of medium-duty Volvo VNL-300 day-cab trucks. The relative drag of the leading, middle and trailing trucks is compared by recording the axial drag forces on 1/64 scale models in a wind tunnel. The average drag coefficient ratio shows us that drag-reductions of around 36% are possible at intervehicle spacing distances of 3m for full-scale 2-truck platoons with each tractor-trailer combination including a scale-similar 53-ft wedge trailer.
I. INTRODUCTION

A. Motivation
As the number of vehicles on U.S. roadways continues to increase steadily, issues such as road congestion, vehicle safety, fuel consumption, and environmental impact are gaining increasing attention, especially as more advanced motorways and transportation systems develop [1] . Truck platooning is an emerging option that can address many of these challenges. Platooning, in the context of this work, involves a series of vehicles that are intentionally driven with very close spacing to reduce aerodynamic drag. Road tests have confirmed that platooning potentially allows for a tighter formation, reduction in congestion as well as lower fuel usage and reduced CO2 emissions [2] .
In the U.S., single unit and combination trucks together consume approximately 165 billion liters of diesel fuel and produce approximately 440 million metric tons of CO2 annually [3] . Across the two vehicle platforms, a 10% improvement in fuel saving would translate to 16.5 billion liters of fuel/year and 44 million metric tons CO2 /year, based on current usage. Financially, these savings represent $16.3 billion for fuel based on $0.99/liter and $1.06 billion for CO2 based on a cost of $24 per metric ton CO2.
In the following sections, the aerodynamic losses are examined closely as they account for 15-20% of the energy losses in tractor-trailers and make up the second-highest source of energy dissipation after engine heat. In general, the mechanical losses in the system vary linearly with vehicle speed [4] . At 53 km/h the power required to overcome mechanical resistance is approximately double that required to overcome aerodynamic drag. However, at 80 km/h, the power necessary to overcome aerodynamic drag is roughly equal to the mechanical losses. And for higher vehicle speeds typical of highway driving, the aerodynamic losses dominate. The goal of this work is to quantify the tradeoff between vehicle spacing and safety through an experimental examination of different platoon configurations. The objective is achieved by measuring the drag coefficients of downscaled medium-duty trucks in a wind tunnel.
B. Previous Experiments to Measure Drag on Platoons
One of the earliest successful attempts to quantify the drag reduction in platoons was conducted as a part of the California PATH project at UC Berkeley and University of Southern California. The study tried to quantify the behavior of drag as a function of vehicle spacing. Drag was measured on 1/8 scale models of a 1991 GM Lumina APV minivan [5] .
Drag has also been measured on a platoon of Ahmed bodies in a study conducted at the Royal Melbourne Institute of Technology (RMIT) in Australia, which collected drag and lift data for two co-linear Ahmed bodies with 30 o slant back angles [6] .
Additionally, drag has been measured on truck platoons using simulations and track tests in the past. Electronically coupled trucks (using a tow bar) have been used to measure fuel consumption in heavy duty trucks (Mercedes Benz Actros) at close spacing [7] . As expected, the above studies have shown considerable drag and fuel savings compared to vehicle operation in isolation.
After the study on Ahmed bodies by Watkins and Vino at RMIT, further interest developed in close distance interactions of Ahmed bodies. Mirzaei and Krajnović at the Chalmers University of Technology in Sweden simulated drag for two Ahmed bodies with a slant angle of 25• and for three intervehicle distances. They found that platooning had a negative effect on the follower (for a spacing of 0.5 vehicle length) to the point where the drag increase was higher than the vehicle in isolation [8] .
II. TEST APPARATUS
A. Vehicle Models
The selection of the scale of vehicle models to be tested was strongly dependent on the availability of both scale vehicles and ability to access a large wind tunnel. After accounting for size of the wind tunnel section, the models were chosen to prevent significant blockage effects (discussed later) and to allow the wake behind and after the platoon to develop completely. These tests have been conducted on three 1:64 scale die-cast models of Volvo VNL 300 day-cab tractors and trailers. Major model dimensions were measured with a Vernier caliper and found to be within a 1% error, when compared to the expected dimensions. Figure 1 shows a side-view of the truck model, placed on the tunnel base. 
B. Wind Tunnel
The experiments were conducted in a low-speed wind tunnel at the Pennsylvania State University, University Park. The wind tunnel has a 0.308 m high, 0.470 m wide and 3.05m m long, rectangular test section. A schematic diagram can be seen in Figure 2 . The wind speed for the tunnel can reach a maximum velocity of approximately 26 m/s. A wind speed for the experiment was chosen to be an averaged velocity of 22.5m/s. This relatively high-speed setting provided a high Reynolds number during our experiments, which is required to achieve flow similarity. This is discussed later.
III. AERODYNAMIC CONSIDERATIONS
A. Flow Similarity
The first step in achieving similarity during testing of wind tunnels models is to achieve geometric similarity with the models. The choice of truck models directly affects this factor. This experiment was able to closely match the actual shape and dimension ratios by choosing a die cast model of the Volvo VNL 300 day-cab trucks which was designed to have a 1:64 geometric ratio.
The second step is to achieve similarity in dimensionless quantities through a matched Reynolds number, Re, given by:
where U is the free stream velocity, L is the length of the vehicle and is the kinematic viscosity of air. The Reynolds number was calculated for two cases -experimental and real flow and compared to check for similarity. This calculation can be found in Table 1 . Table 1 shows that the Reynolds number for the experimental flow is much lower than the Reynolds number for real flow. However, comparison to other literature shows that, for drag testing, these Reynolds numbers are sufficiently similar to be able to compare wind-tunnel to real flows, as the Reynolds number in both these cases is high enough that the viscous forces are dominated by the inertia forces [9] .
B. Boundary Layer and Blockage Effects
During wind tunnel testing, a boundary layer is formed due to the relative motion of the air stream and the stationary ground surface. For the range of Reynolds numbers used in this study, a turbulent boundary layer forms that increases with distance along the test section. Previous studies in the literature show multiple attempts to correct for the effect of the boundary layer in wind tunnel experiments. While some studies have used raised surfaces, or serrated tape, others have used suctionenabled surfaces [10] and porous ground planes [5] to reduce the effect of the boundary layer. However, it has been observed in prior studies that there was no significant impact on the force readings before and after these corrections were applied. Hence, the work that follows neglects the effect of the boundary layer, while allowing enough space before and after the trucks for the wake to fully develop.
Another limitation that is often corrected for before wind tunnel tests is the blockage effect. This correction is needed to discount significant disturbance of the tunnel flow because of interaction with the blunt body models. The blockage ratio formula, along with numerical values for this experiment, is given by:
= 0.043 * 0.035 0.308 * 0.470 = 0.01039
Generally, a blockage ratio of 5% is accepted during wind tunnel tests and it is common practice that only ratios higher than these need to be corrected to obtain valid experimental results [9] . In the experiments in this project, the blockage ratio is very close to 1%. Therefore, any blockage errors can safely be neglected.
C. Tunnel Base and Elimination of Friction Error
Several modifications were needed to allow a test setup to operate in the tunnel without obstruction to the wind flow. Figure 3 shows the cut-out through which the new experimental base was installed at the tunnel. In wind tunnel tests, model support systems are commonly used to rigidly position the vehicle models. These systems can influence the aerodynamic performance of these models. In order to improve the quality of data, efforts were made to minimize the interference from the support. A principal method used was to position all force-measurement apparatus below the surface of the tunnel testing area to eliminate most aerodynamic interference.
For the small-scale testing used in this study, we found that caution had to be used to remove errors due to friction between the test platform and the surrounding supports. Any static friction force must be overcome by the applied drag force before the sensor measurements obtain a force reading, and thus such friction can cause a strong bias in the measurements. A review of the literature showed that the expected amount of force on a 1:64 vehicle model is expected to be under 1 N. For this force magnitude, the static friction -assuming a hypothetical contact coefficient of static friction of 0.20 between the supporting platform and the surrounding support structure -would be significant. In other words, much of the apparent drag force could be lost to static friction if this effect is not removed either through construction or data processing.
To remove static friction by construction, a water bearing was used. This bearing was implemented using a tank filled with water that was placed outside the wind tunnel, which was then used to float the test platform such that only the force sensor was in contact between the truck support and the fixed base. To achieve flotation of the truck support, a Styrofoam layer was sandwiched between a smooth acrylic sheet at the top to prevent the addition of skin drag during experiments. A bottom metallic layer served a dual purpose to increase the weight of the platform to prevent lift and also to increase its stability by increasing the inertia of the platform. This setup was placed in the tank and the level of water was adjusted until the top surface holding the test vehicles reached the required height that matched the wind-tunnel wall, and the resulting build had less than 0.5 cm spacing between the floating test platform and the surrounding fixed edges. On the front gap, a very small lip was made to bridge over the gap from the fixed wind-tunnel, such that this did not contact the moving platform yet blocked air-flow into the gap space. This was done to minimize flow disturbances. The essence of this floatingplatform idea is that opposing viscous forces in fluids depend on the velocity of the moving object and therefore should be zero for a stationary floating platform when the force reading is taken. The final test setup is present below the trailing truck in Figure 4 . 
IV. DATA COLLECTION AND METHODOLOGY
A. Force Sensors
Often in wind-tunnel testing, multiple component force sensors are used to measure the drag, lift and side forces as well as the yaw, roll and pitch moments exerted on the body. However, for the 1-D drag measurements needed in this study, a one-component force balance was sufficient. Although Force Sensitive Resistors were considered, Capacitive Force Sensing technology was preferred due to its higher sensitivity and better repeatability. For this research, multiple capacitive sensors were chosen in both 1N and 10N ranges, and compared in performance. For the data that follows, the SingleTact-S8-1N sensor was used.
In a capacitive sensor, much like an FSR, the sensor's output varies according to the pressure that is applied on the surface as opposed to the force. Therefore, it is important that the force be evenly distributed on the entire active area of the device. Careful attention was paid to this requirement and a 3D printed truncated cone was used to distribute the force both while calibrating the sensor and while collecting data during the experiments.
The force sensor has certain advantages and limitations that were analyzed in calibration steps to establish confidence in the data collected. For this purpose, information was obtained from the technical specification available from the manufacturer and certain characteristics were verified to ensure that the sensor operates in the recommended range. The sensor has an update frequency of greater than 300 Hz and has an analog output that ranges from 0.5 to 1.5 V. An Input voltage of 5 V was used from an Arduino UNO microcontroller. The output range of the sensor varies from 0 to 511, representing half the range of a 10-bit ADC. Up to 3 times the recommended full-scale range are available according to the manufacturer in both the negative and over pressure regions, though this usage was avoided because the accuracy and repeatability suffer in these regions.
B. Measurement Procedure
The data collection process was divided into two cases for the 2-truck platoon and three cases for the 3-truck platoon. For all cases, the force measurements were collected on each individual vehicle in the platoon. These positions are labelled as the leading, middle (for 3-truck platoon) and trailing cases. The data were collected in one continuous session for the 2-truck platoon and in a completely different test session for the 3-truck platoon to avoid repeatability errors within the same configuration.
For each test, the sensor is zeroed at the start of each case to prevent an error due to the existence of baseline offset value in the absence of force. The output trace is also observed and tested at the start of the experiment to ensure it meets the required performance specifications in terms of operational noise. Low levels of noise are seen on static cases of no load (when the wind tunnel is not operating). However, higher levels of noise are observed when the sensor is operated, even at a relatively low speed wind-tunnel setting of around 12 m/s. The noise continues to increase with wind speed, adding to the length of error bars in the 3-truck case. Because the noise is related to wind velocity, it is inferred that this could likely be due to physical measurement of flow instabilities inherently present in the wind-tunnel.
After ensuring adequate performance, the first set of data was recorded for the base plate in isolation at the two test speeds of 11.5 m/s and 22.5 m/s. These speeds were obtained from a calibration curve for the tunnel and confirmed using an anemometer. The first test verified that the sensor did not show a noticeable response to the plate alone, but it was zeroed again nevertheless at the start of each test. After this initial calibration, the mean value of the static data was subtracted from each dynamic reading.
The next step involved fixing the truck firmly to the floating platform. To attach the vehicle physically, small pieces of reusable tack/putty were used at key points along the base of the truck. This method provided a strong fix to the plate, had minimal protrusions into the air flow, and also allowed experimenters to re-adjust the position of the truck to ensure that the floating surface remained parallel to the acrylic base. The water level was also re-adjusted after each vehicle reconfiguration to maintain the correct height within the wind tunnel. A data reading was collected on the single truck for the two speed settings and has been used in section 5 to calculate Cd, isolation. The other trucks in the platoon were also similarly attached to the Plexiglas using putty. The inter-vehicle distance of these trucks is defined as the distance between the tail of the leading truck to the nose of the trailing truck, which is effectively the bumper-to-bumper distance between vehicles. Measurements on the bumpers were from the centerline of both vehicles, from the rear bumper of the lead truck to the front bumper of the trail truck. This inter-vehicle spacing was then divided by the length of the truck model (32.4cm) for normalization.
For the 3-truck case, the inter-vehicle spacing was varied symmetrically so that the distance between the leading and middle truck was equal to the distance between the middle and trailing truck. A metric ruler with a smallest measurement of one millimeter was used to position the trucks. This onemillimeter quantity has been used as the one-sigma uncertainty in our measurements at each end to create the horizontal error bars in the drag ratio vs. vehicle spacing plots seen in section 5. It must be noted that a thirty second window was allowed for the data stream to stabilize before it was recorded. While only 60 readings were collected for the 2-truck case, around 900 measurements were actually collected for the 3-truck platoon at each spacing. This very large number of readings allowed one to average across instabilities in the flow, with the goal to obtain a better standard deviation for the drag coefficients and ensure a tight 95% confidence interval. Figure 5 shows the change in drag ratio of each truck in the 2-truck platoon as a function of the vehicle spacing using the test setup. The Cd of each member has been normalized by dividing it by Cd, isolation, which is defined as the coefficient of drag for an isolated model in the tunnel. The use of a normalized drag ratio allows us to eliminate the effect of sensor repeatability between different runs. Using the drag ratio instead of the drag force or the coefficient of drag also allows us to account for the complete lack of geometric similarity and surface detail [5] . The observations show a trend similar to ones made by Hammache et al. The difference in values could be attributed to another normalization process that uses the square root of the frontal cross-section area of the trailer instead of the truck length. Additionally, the study also used simplified models made out of Styrofoam that were less accurate than the models used in our study. Figure 5 . Drag ratios for a 2-truck platoon at 22.5 m/s compared with the literature. [11] The data points in Figure 5 show the average of 60 data values at each spacing. The error bars in the vertical direction show two standard deviations in each direction, thus giving us a reliable estimate of the error with a 95% confidence level. The horizontal error bars show twice the minimum measurable quantity on the ruler (i.e. 2-sigma bounds).
V. ANALYSIS OF 2-AND 3-TRUCK PLATOON DATA
A. 2-Truck Platoon
One can observe several qualitative features from the drag plots. The coefficient of drag ratio decreases consistently with decreasing vehicle distances between 1 and 0.1 vehicle lengths. At around 0.8 vehicle lengths, the drag ratio for the lead truck stabilizes to 0.88. Beyond this point, increasing the spacing does not significantly reduce the drag on the lead vehicle. Extrapolating these results suggests that a decrease in the drag coefficient would likely exist for greater vehicle spacing. However, more data points are needed to comment on the spacing at which the lead vehicle is completely unaffected by platooning. Configurations with greater spacing were not tested due to the restrictions set by the length of the wind tunnel test section.
B. Averaged Drag Coefficient for the Platoon
One can better characterize the performance of a platoon by calculating a platoon-averaged drag coefficient ratio. This quantity is defined as:
This ratio allows one to study the combined benefit of platooning through an overall drag reduction in all vehicles operated together, versus each operated individually. Figure 6 shows the platoon-averaged drag coefficient ratio as a function of spacing in vehicle lengths. An effective standard deviation of the mean has been calculated by adding the standard deviations in quadrature, which is expected to be a highly conservative bound. This sum-of-sigmas was multiplied by two to infer a 95% confidence interval in the error bars. The results illustrate that at the closest spacing (approximately 3 meters for full-scale trucks), the drag is only 63.3% of the value experienced by an isolated truck. Even at a 'safer' spacing of 0.3 vehicle lengths (approximately 6 meters for a full-scale truck), the platoon only experiences 69.8% of the isolated drag. Automated platooning can likely be implemented within this range, and hence considerable savings are possible even for a 2-truck platoon. Extrapolation to a larger number of vehicles is expected to result in a lower average drag coefficient ratio; however, we are unable to verify this due to a lack of sufficient data points for the trailing truck in the 3-member platoon described in the next section. Figure 7 shows the change in drag ratio of each truck in the 3-truck platoon as a function of vehicle spacing. Data for the lead and middle trucks was collected at similar distances as the 2-truck case. However, only three distances were collected for the trail truck. This limitation arises from the fact that two more trucks could not be accommodated at greater distances due to the position of the floating platform and the limited length of the test section. The use of a different force sensor for the 3-truck situation resulted in slightly higher noise than in prior readings for the 2-truck case, despite the fact that both sensors were trend-calibrated to be equivalent. These results show that the drag behavior becomes significantly more complex with the addition of just one more vehicle. In general, the middle truck experiences lower drag force than the leading truck. The trailing truck seems to experience even less drag, although more data points are needed to confirm the observation. However, the drag-versus-spacing trend in this case is not always monotonically increasing like for the 2-truck platoon. One can notice two 'valleys' in the drag ratio around spacing of 0.5 and 0.8 vehicle lengths for the lead vehicle. Similar valleys exist for the middle truck at 0.3 and 0.8 vehicle lengths. In Figure 8 , for a faster speed of 22.5 m/s, one can observe that the general trend remains the same. There is a noticeable drop in the magnitude of the valley regions in the previous case for the lead vehicle. In case of the middle vehicle, the second valley is almost nonexistent. The cause in these dips in drag is unknown, but past work by others shows that it is expected that the trailing vehicle will show sharper variation in drag because of greater sensitivity to resonance in the flow field [5] .
C. 3-Truck Platoon
VI. CONCLUSIONS
The analysis of the coefficient of drag ratio for a 2-truck platoon shows that the drag ratio decreases consistently with decreasing vehicle distances between 1 and 0.1 vehicle lengths. At around 0.8 vehicle lengths, the drag ratio does not increase as significantly, and a larger wind tunnel system would be required for further analysis. The average drag coefficient ratio shows us that savings around 36% are possible at distances of 3m for full-scale platoons. For 3-truck platoons, the drag behavior is more complicated with the formation of valleys at 0.5 and 0.8 vehicle lengths for the lead vehicle, and at 0.3 and 0.8 vehicle lengths for the middle vehicle. Further testing with more data points, especially for the trail truck, can be used to calculate exact gradients in the coefficient of drag ratio. The observation that the drag ratio stays below 1, which agrees with previous studies for a 0 o rear-slant Ahmed body platoon [12] . A drop in the drag ratio of the trucks may be attributed to an increase in the base pressure, while an increase could be the result of impingement in the flow. A smoke test may be helpful to study the wake structure in the valley regions.
Understanding these drag effects could allow engineers to decide when, how and why truck platoons should be used in a highway environment. With appropriate control systems, these factors could potentially be used to guide the position of platoon members to take advantage of spacings shown to have minimum drag. 
